One way to minimize costs of photovoltaic (PV) 
INTRODUCTION
Grid-connected PV systems for electrical energy generation are, certainly, one of the most promising distributed energy resources for the future. Currently, a central aspect of PV systems is their cost, again too much high to permit their considerable diffusion, to be hoped for. The best way to reduce costs of PV systems is, of course, the designing and the large-scale production of new materials and panels characterized by costs significantly lower than the existing ones together with an improved energy conversion efficiency. Nevertheless, there are some other interesting ways that can be followed in order to reduce costs of grid-connected PV systems, per kW of installed power and for a fixed solar irradiation (SI) and temperature:
by maximizing their energy production (that is to say, by accurately implementing the well known MPPT function); by minimizing electrical losses on the plant; by minimizing costs of the needed power electronic converters (without worsening the electrical power quality); by utilizing PV systems not only to generate electrical energy to be put into the power system but also to implement some other important auxiliary services (electrical power quality control, load demand peak control, ...), normally implemented by specific and expensive apparatus; by facilitating, in the same plant, the integration of different kind of renewable electrical energy resources (wind plant, fuel-cells, ...); and so on. At the moment, because of their conventional electrical schemes, grid-connected PV systems do not seem able to put in practice the aforementioned ways. On the other hand, in the opinion of the author, by simply introducing on PV grid-connected plants a properly designed energy storing system (that is already on the basis of stand-alone photovoltaic systems), they could become more efficient and reliable, so assuming a role of more relevant importance that better justifies their high installation costs. Even if electrical energy storage can be, in principle, achieved by different ways (like: batteries, super capacitors, superconductors, flywheel, compressed air, ...), in the paper only the use of batteries will be explicitly taken into account. In the following, the proposal of utilizing batteries in gridconnected PV systems is presented and discussed by using different practical examples that are supported not only from the theoretical point of view but also by different experimental results that are obtained on a small-scale prototype of about 20 Wp of power, constituted by 4 photovoltaic small-panel of about 5 Wp, together with 10 NiCd rechargeable batteries, with 1.2 V of nominal voltage and 800 mAh of capacity (the prototype will be better described and fully experimented in the following). In particular, theoretical discussions and experimental tests are utilized to show that the use of batteries in gridconnected PV plants can improve significantly their energy production efficiency (dramatically low in some critical unbalanced solar irradiation conditions) so representing a valid and lower cost alternative to currently utilized active MPPT apparatus. Prague, 8-11 June 2009 Paper 0639 CIRED2009 Session 4
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THE PROPOSED MPPT TECHNIQUE
For a fixed level of the solar irradiation and for a fixed temperature, the power delivered to the network by a conventional grid-connected PG, which qualitative I-V characteristic is depicted in fig.1 .a), depends on the value of the network equivalent impedance as seen from the PG terminals, the behavior of the network being normally imposed to be resistive by using a power electronic PWM inverters. Unfortunately, only one working point on the I-V PG characteristic corresponds to the MPP (bold-faced circles, in fig.1 .a) and it can be "caught" only carefully adjusting the value of the network equivalent resistance (i.e. by using properly designed MPPT apparatus). Currently, for grid-connected PV systems, the most diffused MPPT techniques are in the active category. Because of this last consideration, as an alternative to the trivial idea of utilizing batteries in grid-connected PV systems in a centralized way and in the place of active MPPTs, it is proposed to use batteries in large gridconnected PV plants and in a more convenient "distributed way", that can be better appreciated with the help of Fig.2 . In practice, in large grid-connected PV plants, batteries can be used as passive and economical distributed MPPTs by locating them in parallel with a proper number of PV subfields, by maintaining a centralized high-power electronic inverters with centralized active MPPT function. This last proposed approach can be a valid alternative to the more expensive and currently adopted PV plant electrical scheme where a number of distributed power electronic DC-DC converters are normally utilized to implement an highefficiency MPPT function, together with the centralized high-power electronic inverter [5, 8] . Even if in the laboratory a several number of experiments have been performed and analysed, in the following, for the sake of brevity, only the most interesting experiments are referred and briefly discussed. Specifically, with reference to the qualitative electrical scheme depicted in Fig.2 in which the PV sub-fields are foreseen to be connected in series, only the experimental results referred to three different balanced and unbalanced solar irradiation levels are synthesized in the following three Tables. In order to better appreciate the contribution of batteries, it is important to underline that, as theoretically already indicated in Fig.1a) , for a fixed and balanced solar irradiation (SI) level, the whole PV Plant can generate the maximum power, but only if the inverter (thanks to its active MPPT function) is able to impose to the grid a resistive behaviour with a specific resistance value (optimal value). Nevertheless, when the PV sub-fields of a PV plant like that depicted in Fig.2 are irradiated in a non uniform way (unbalanced irradiation) a conventional centralized inverter can not extract from the whole PG the maximum power, that is to say the sum of the maximum power of each PV sub-field, because the whole PG current is imposed to be equal to the lowest value among that of the different PV sub-fields. From the aforementioned considerations and as confirmed by the experimental results reported in the following Tables, batteries in The proposal can be a valid and lower cost alternative to more expensive solutions based on a number of DC-DC power electronic converters to be put in parallel to each PV sub-field in order to work as distributed active MPPTs. Furthermore, the presence of an energy storage system can make more and more attractive grid-connected PV plants, due to some important additional capabilities not commons of currently conceived grid-connected PV plants, as:
− a more great availability in favor of the AC power grid, − a significant reduction of unfavorable requests of occasional peaks of load power demand, − the possibility to substitute other expensive (and often not renouncing) apparatus for utility grid power quality improvements, as UPS and active filters, − the possibility to be integrable with other different renewable resources, with minor expenses and with great economical advantages.
